Introduction
[2] Variability in the tropical and subtropical climate in the Pacific and Indian oceans has often been explained by the variability in the El Niño Southern Oscillation (ENSO) [Charles et al., 1997; Cole et al., 2000] . However, correlation between ENSO and climate variability in the Indian Ocean is not always high [Zinke et al., 2005] . Recently, the Indian Ocean Dipole (IOD) was discovered, which has similar east -west anomalies and periodicities in the Indian Ocean as those produced by ENSO in the Pacific Ocean. A positive IOD is represented as anomalies of high precipitation and high sea surface temperature (SST) in the western Indian Ocean with opposite anomalies in the eastern Indian Ocean (Figure 1 ). The IOD acts independently of ENSO, although at times it comes into phase with ENSO events [Saji et al., 1999] . In an ocean -atmosphere coupled mode, the IOD plays important roles in seasonal and annual climate variations worldwide . However, the IOD has been analyzed by instrumental observation and using models [Ashok et al., 2004] , and therefore, the known IOD record extends back only for the past few decades [Saji et al., 1999] . To elucidate decadalscale variability in the IOD and its relationship to ENSO and other climatic indices, a proxy and extended record are necessary.
[3] One feasible proxy is coral annual bands, which contain information on climate variability spanning more than 100 years. In the eastern Indian Ocean, Abram et al. [2003] analyzed a coral core from western Sumatra and identified d
18
O and Sr/Ca anomalies matching IOD events in 1994 and 1997. In the western Indian Ocean, however, the coral record has largely been discussed in relation to ENSO variability. Charles et al. [1997] analyzed a 150-year coral core from the Seychelles, and Cole et al. [2000] examined a 194-year coral core from Kenya. Recently, two longer cores from Madagascar [Zinke et al., 2004] and Tanzania [Damassa et al., 2006] have also shown ENSO-like variation going back to the 17th century. Those researchers regarded the d
O of the corals as a proxy for SST and compared the cross-spectral analysis of the coral d
O records with indices for ENSO, East African rainfall, or the Indian monsoon. They found correlations with ENSO and interannual variance similar to ENSO periodicities, but also longer inter-decadal periodicity during the 17th century.
[4] However, the probable effect of precipitation on the d
18 O record was ignored in those studies, which also did not correlate d
18 O anomalies with specific ENSO and IOD events or attempt to separate the influence of the two cycles. Though ENSO and IOD anomalies have similar periodicities, they have contrasting influence on short rains variability [e.g., Figure 2 in Behera et al., 2005] . Moreover, the IOD peak is seasonally fixed to October-November. Thus, monthly resolution is necessary to extract IOD signals from coral annual bands.
[5] In this study, we obtained a coral core in Malindi Marine Park, Kenya (3.2°S, 40.1°E) at the same site as the core used by Cole et al. [2000] and analyzed monthly scale variability of d
O as well as density and fluorescent band under ultraviolet light for the last 16 years to examine feasibility of using coral annual bands for long-term reconstruction of the IOD. Cole et al. [2000] focused on interannual and inter-decadal variation, and therefore, analyzed coral bands at an annual resolution. However, we were interested in seasonal and interannual variation and thus examined cores at a near-monthly resolution and compared the proxies with seasonally fixed IOD events. . Precipitation is concentrated during two seasons in East Africa, with long rain period in April and short rain period from October to November (Figure 2 ). The study site is located 15 km south of the Sabaki River, which is one of Kenya's major rivers with a watershed area of 40,000 km 2 . Discharge from the Sabaki River also has two peaks corresponding to the precipitation peaks. River discharge in the short rain period is brought southward to Malindi by the northeast monsoon winds from December to March, while discharge during the long rain period is brought northward by the southeast monsoon from May to November [Brakel, 1984] . The coral reefs at Malindi are affected by freshwater discharge with turbidity that turns the water a reddish brown color starting in December [McClanahan and Obura, 1997] .
Materials and Methods
[7] The core was cut into a pair of 5-mm-thick slabs, and X-radiographs were taken to determine the density bands. We used one of the slabs for d
18
O measurement and the other for density and fluorescence measurements. After ultrasonic cleaning, powdered samples for measuring d
18 O were drilled out at 1.5-mm intervals along the maximum growth axis. Stable isotope analyses were performed using a Finnigan MAT252 isotope ratio mass spectrometer, equipped with an automated carbonate reaction device (Kiel III) at the University of Tokyo. All isotope values are reported with respect to Pee Dee Belemnite (PDB). The external precision of samples of the powdered carbonate standard is 0.03% for d
18 O (n = 5, 1 s). The density and fluorescence were measured at 0.25 mm steps along the centerline of the slab at the Australian Institute of Marine Science according to Barnes et al. [2003] . The density was measured by attenuation of a gamma photon beam, and fluorescence was measured by reflection of 490 nm light illuminated with UV at 390 nm.
Results
[8] The X-radiograph of the coral slab revealed clear density bands with a set of high and low density bands of 10 to 18 mm (Figure 3) . The boundary from the low to high bands was sharper than that from the high to low bands. The fluorescent bands consisted of a set that included a narrow strong peak followed by a broad dim band; this cycle was fixed to the set of density bands. The peak heights of the narrow band varied from year to year. High fluorescence was observed in the top 20 mm of the core. The d
18
O values ranged from À4.6 to À5.5%.
[9] Both the set of fluorescent peaks (i.e., the narrow strong peak and the broad dim band) and one cycle of d
O showed a cycle fixed to the density cycle. A narrow strong fluorescent peak was observed just above the sharp low-to high-density boundary, which was followed by the light peak of d
O and broad dim fluorescent band. The heavy peak of d
18 O occurred in the low-density bands, and the light peak was observed in the high-density bands.
Discussion

Age Model
[10] The cycle of density, fluorescence and d 18 O is well explained by the seasonal change in SST and precipitation in East Africa (Figures 2 and 3) . The coral d
18
O range of 0.8% is close to that expected for annual SST cycle of 4°C, and thus we assume that coral d
18 O signal is mainly modulated by SST [Linsley et al., 2006] , with additional effect of water d
18 O determined by a balance between precipitation and evaporation [Iijima et al., 2005] or by river discharge [Gagan et al., 1998 ]. As we assign the heavy and light peaks of d 18 O to the lowest and highest SST peaks (August and April), low-and high-density bands correspond to low and high SST seasons, respectively, which matches with the previous studies [Lough and Barnes, 1997] . The fluorescent bands are a proxy of river discharge , and at this site, corresponded to the seasonality of the Sabaki River discharge in response to the two annual peaks of precipitation. The narrow strong and the broad weak fluorescent bands reflect the East African short rain period from October to November and the long rain period from April to June, respectively. The light peak of d 18 O appeared between the strong and dim fluorescent peaks, matching with the age model that it corresponded to the high SST in April.
[11] In this study, we suppose the following chronology of two anchor points to convert the coral record with a resolution of a monthly scale. The boundary from the lowto high-density band corresponds to November, and the heavy-d
18 O peak corresponds to August, when SST is the lowest and precipitation is low. This age model is consistent with that discussed by Cole et al. [2000] , who identified the boundaries from the low-to high-density band and fluorescent band to be November and December, respectively. To confirm this age model, however, further staining or isotope-spiking work is necessary.
Coral IOD Index
[12] The number of annual bands in this core shows that the coral record spanned from 1986 to 2002. During this time period, the instrumental record indicates that positive IODs with high precipitation from September to November occurred in 1994 and 1997, and negative IODs with low precipitation took place in 1991 and 1996 (the pale and dark blue curves in Figure 4 ). In particular, the positive IOD in 1997 is the strongest from the instrumentally reconstructed IOD index for the last 40 years, which is corroborated by 18 O signature assigned to January of the next year (red line) and IOD indices based on rainfall anomalies for the SeptemberNovember period (pale blue line: mean East African Rainfall Index; dark blue line: rainfall at Mombasa, the same as the blue line in Figure 3e) . the 800 mm of rain during November in Mombasa, located about 100 km south of Malindi (the blue curve in Figure 3e ).
[13] In the d
18
O curve, the lightest d
O peak represents the strong IOD event in 1997 (Figure 3c) . However, the other IOD events cannot be identified clearly from the d 18 O curve, which has a light peak assigned to high SST in April. Because the IOD is extracted from precipitation anomalies in October -November, we selected the d
O values of a specific month in each year by taking the same time period from the density boundary of November. The sampling interval corresponded to monthly resolution, and the values of d
18 O assigned to January of the next year (the red curve in Figure 4 with each plot corresponding to the previous year) correlate well with East African Rainfall Index for September to November (r 2 = 0.76, the pale blue curve in Figure 4 ), and the September -November rainfall in Mombasa (r 2 = 0.78, the dark blue curve). Their correlation coefficients are higher than those in December or February (r 2 = 0.48-0.57). The time lag between the peak in rainfall (October -November) and the coral d
18 O IOD signal (January of the next year) is explained by the oceanographic condition in which the Sabaki River discharge from the short rain period starts to affect Malindi coral reefs in December after northeasterly winds prevail over the coast [Brakel, 1984; McClanahan and Obura, 1997] .
[14] All the IOD events during the time period of the core are identified by the peaks in our coral d 1986, 1991, and 1997 , and La Niña events took place in 1988 and 1998. Except for 1997, these events could not be identified in the coral index as well as rainfall index. We even find opposite peaks between 1991 and 1997, both of which were El Niño years. Therefore, we interpret the coral d
18 O index primarily as a proxy for the IOD.
[15] The strongest fluorescent band identifies the positive IOD event in late 1997, and another strong band identifies the positive IOD event in 1994. However, a strong fluorescent peak for 1992 does not match with either the IOD or high precipitation. This fluorescent peak may have resulted from high turbidity in the Sabaki River induced by unusually high winds and associated water-column mixing during that year, and not by high precipitation and discharge [McClanahan and Obura, 1997] . This anomaly is not shown in the coral d
18 O index, indicating that the index was not affected by the local effect. The other mismatch occurs between the coral index and precipitation index in 2000. This subsample was obtained 24 mm from the core top containing living tissue, which disturbs the isotope record [Grottoli et al., 2005] , and can be removed.
[16] In the Indian Ocean, the effect of ENSO to SST and precipitation has been discussed [Reason et al., 2000] , and found in coral band analysis [Charles et al., 1997; Cole et al., 2000] . While independent influence of IOD is recently discussed . Because the IOD precipitation anomalies are seasonally fixed, the d 18 O value corresponding to the IOD season should be extracted. The d
O curve on yearly average miss the IOD events and sometimes may show the mixed-up signals related to Pacific and Indian Oceans variabilities. Our sampling is at monthly interval, and a higher resolution sampling would likely increase the amplitude of the d
18 O signal with a better confidence in monthly scale [Leder et al., 1996] . Within the limit of this sampling resolution, however, our results suggest that the d
18 O values above the density boundary corresponding to January provide the best proxy for the magnitudes of the short rains in the previous years, and thus for the IOD. Consequently, we should be able to use this coral d
O index to analyze the history of the IOD in longer coral cores.
